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Abstract	
 
					An	optical	frequency	comb	(OFC)	is	a	spectrum	consisting	of	a	series	of	discrete,	
equally	spaced	elements.	The	invention	of	the	OFC	is	of	key	importance	in	fields	like	
optical	spectroscopy,	ultrashort	pulse	generation,	optical	clocks,	and	for	calibration	of	
optical	frequency	standards.	OFC	can	be	generated	usually	by	a	mode	locked	laser.	The	
use	of	fiber	laser	enables	a	compact	and	robust	OFC	laser	system.	The	OFC	allows	a	
direct	link	from	radio	frequency	standards	to	optical	frequencies,	so	that	the	OFC	
improved	the	accuracy	of	the	frequency	standard	by	several	orders	of	magnitude.		
Also	 high‐precision	 distance	 measurement	 technology	 has	 always	 been	 playing	 an	
important	role	in	the	fields	of	high‐tech	industries	and	scientific	research.	The	ability	to	
determine	 absolute	 distance	 to	 an	 object	 is	 one	 of	 the	 most	 basic	 measurements	 of	
remote	 sensing.	 High‐precision	 monitoring	 has	 important	 applications	 in	 both	 nm‐
accuracy	 measurement	 of	 small	 size	 structures	 and	 also	 long‐distance	 range	 finding	
such	 as	 lidar.	 The	OFC	provides	 the	 sub‐cm	 accuracy	 in	 long	 range	 lidar	 detection,	 as	
well	as	nm	accuracy	in	the	meter‐size	measurement.	The	chirping	laser	OFC	technology	
is	considered,	too.	The	feasibility	of	some	cases	of	lidar	configuration	is	considered	and	
their	performance	assessment	is	given.)	
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1. Introduction	
				Recently	there	has	been	a	remarkable	synergy	between	the	technology	of	precision	
laser	stabilization	and	mode‐locked	ultrafast	lasers.	This	has	resulted	in	control	of	the	
frequency	spectrum,	which	consists	of	a	regular	“comb”	of	sharp	lines,	produced	by	
mode‐locked	lasers	(Hänsch,	2006,	Hall,	2006,	Ye	et	al,2004).	Such	a	controlled	mode‐
locked	laser	is	a	“femtosecond	optical	frequency	comb	generator.”	For	a	sufficiently	
broad	comb,	it	is	possible	to	determine	the	absolute	frequencies	of	all	of	the	comb	lines.	
This	ability	has	revolutionized	optical	frequency	metrology	and	synthesis.	It	has	also	
served	as	the	basis	for	the	recent	demonstrations	of	atomic	clocks	that	utilize	an	optical	
frequency	transition.	In	addition,	it	is	having	an	impact	on	time‐domain	applications,	
including	phase‐sensitive	extreme	nonlinear	optics	and	pulse	manipulation	and	control.	
 
1.1.							Frequency	spectrum	of	a	mode‐locked	laser	
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				To	understand	how	frequency‐domain	techniques	can	be	used	to	control	mode‐locked	
lasers,	we	must	first	connect	the	time‐	and	frequency‐domain	descriptions.		
The	electromagnetic	field	emitted	by	a	mode‐locked	femto‐second	laser	is	composed,	in	
the	frequency	domain,	of	a	series	of	modes,	regularly	spaced	in	frequency,	and	phase	
coherent	with	each	other.	The	frequency	of	each	mode	thus	follows	the	relation	
																				N	=	N	×	frep	+	fceo																																																																																									(1)	
where	frep	is	the	repetition	rate	(typically	radio‐frequency)	of	the	laser	pulses,	N	is	the	
optical	frequency	of	the	considered	mode,	N	a	large	integer	(typically	of	the	order	of	
106),	and	fceo	is	a	global	shift	frequency	called	“carrier‐envelop	offset	frequency”.	This	
last	term	is	related	to	the	difference	between	the	phase	velocity	and	group	velocity	in	
the	laser	oscillator.	It	corresponds,	in	the	time	domain,	to	the	fact	that	the	electric	field	is	
not	strictly	identical	from	one	pulse	to	the	next,	but	exhibits	a	phase	shift	with	reference	
to	the	time	envelop	of	the	pulse	(see	Fig.	1)	
	
     	
  Fig.	1.	FOFC	and	its	temporal	coherence	function.	(a)	Pulse	train	in	the	time	domain.						
												(b)	Comb	lines	in	the	frequency	domain.	(c)	TCF	of	FOFC.	
	
					When	φce	is	evolving	with	time,	such	that	from	pulse	to	pulse	(at	a	time	separation	of	
TR	=	1/	frep)	there	is	a	phase	increment	of	Δφce,	then	in	the	spectral	domain,	a	rigid	shift	
will	occur	for	the	frequencies	at	which	the	pulses	add	constructively.	This	shift	is	easily	
determined	to	be	(1/2π)	Δφce	/TR.	The	comb	offset	is	connected	to	the	pulse‐to‐pulse	
phase	shift	by	fceo=	(	1/	2π)	frep	Δφ	ce.	The	relationship	between	time‐	and	frequency‐
domain	pictures	is	summarized	in	Figure	1.	The	pulse‐to‐pulse	change	in	the	phase	for	
the	train	of	pulses	emitted	by	a	mode‐locked	laser	occurs	because	the	phase	and	group	
velocities	inside	the	cavity	are	different.	The	pulse‐to‐pulse	change	in	the	phase	for	the	
train	of	pulses	emitted	by	a	mode‐locked	laser	can	be	expressed	in	terms	of	the	average	
phase	(vp)	and	group	(vg)	velocities	inside	the	cavity.	
Specifically,	Δφce	=	(1/	v	g	−1/	v	p)	l	cωc	,	where	lc	is	the	round‐trip	length	of	the	laser	
cavity	and	ωc	is	the	“carrier”	frequency.	
	
1.2.						Determining	absolute	optical	frequencies	with	octave‐spanning	spectra	
				The	CEPφce			is	the	phase	between	the	carrier	wave	and	the	position	of	the	intensity	
envelope	of	the	pulse	(cf.	figure	in	the	time	domain).	In	a	train	of	multiple	pulses	it	is	
usually	varying	due	to	the	difference	between	phase	and	group	velocity.	The	time,	after	
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which	the	phase	increases	resp.	decreases	by	2	π		is	called	T	C	E	O		>.	Ideally,	it	is	an	integer	
multiple	of	the	duration	T	r	e	p					between	two	pulses	and	the	pulses	are	picked	at	the	
corresponding	rate	to	obtain	a	constant	phase	over	all	picked	pulses.	Besides	this	linear	
evolution,	fluctuations	which	are	common	in	conventional	femtosecond	laser	systems	
usually	cause	a	nonlinear	shot‐to‐shot	fluctuation	of	the	CEP.	This	is	why	measuring	and	
controlling	it	is	very	important	for	many	applications.	
 
 
  
 
	
2. Frequency	Comb	Laser	
			For	the	purpose	to	obtain	optical	frequency	comb	system,		laser	active	material	has	to	
poses		a	wide	spectral	range.	Usually	rare	earth	ions	are	typical	material.	In	Fig.3,	their	
spectral	is	shown	(Nishizawa,	2013).	
	
					
Some	of	typical	lasers	are	describe	below.	
		
2.1						Ti:Saphire	Laser	
	
 
 
 
 
 
 
 
 
 
 
 
													Fig.2			Determination	of	fceo	.	The	large	nonlinearity	of	photonic	crystal	fiber	
extends	frequency	region	over	one	octave.	By	comparing	the	higher	end	on	frequency	
comb	and	the	SHG	of		fundamental	comb,	fu	an	be	used	without	other	laser	source.	
	
			The	CEP	ϕCE			is	the	phase	between	the	carrier	wave	and	the	position	of	the	intensity	
envelope	of	the	pulse	(cf.	figure	in	the	time	domain).	In	a	train	of	multiple	pulses	it	is	
usually	varying	due	to	the	difference	between	phase	and	group	velocity.	The	time,	
after	which	the	phase	increases	resp.	decreases	by	2	π		is	called	T	C	E	O		>.	Ideally,	it	is	an	
integer	multiple	of	the	duration	T	r	e	p					between	two	pulses	and	the	pulses	are	picked	
at	the	corresponding	rate	to	obtain	a	constant	phase	over	all	picked	pulses.	Besides	
this	linear	evolution,	fluctuations	which	are	common	in	conventional	femtosecond	
laser	systems	usually	cause	a	nonlinear	shot‐to‐shot	fluctuation	of	the	CEP.	This	is	why	
measuring	and	controlling	it	is	very	important	for	many	applications.	
Octave	expanded	OFC
SHG	of	OFC
fceo frep	 2N,	2N	
Fig.	3	Gain	spectrum	of	typical	rare‐
earth	doped	fibers.	
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		Ti:sapphire	lasers	(also	known	as	Ti:Al2O3	lasers,	titanium‐sapphire	lasers,	or	
Ti:sapphire)	are	tunable	lasers	which	emit	red	and	near‐infrared	light	in	the	range	from	
650	to	1100	nanometers.	These	lasers	are	mainly	used	in	scientific	research	because	of	
their	tunability	and	their	ability	to	generate	ultrashort	pulses.	
	Titanium‐sapphire	refers	to	the	lasing	medium,	a	crystal	of	sapphire	(Al2O3)	that	is	
doped	with	titanium	ions.	A	Ti:sapphire	laser	is	usually	pumped	with	another	laser	with	
a	wavelength	of	514	to	532	nm,	for	which	argon‐ion	lasers	(514.5	nm)	and	frequency‐
doubled	Nd:YAG,	Nd:YLF,	and	Nd:YVO	lasers	(527‐532	nm)	are	used.	Ti:sapphire	lasers	
operate	most	efficiently	at	wavelengths	near	800	nm.	
	
2.2			Mode‐locked	oscillators	
			Mode‐locked	oscillators	generate	ultrashort	pulses	with	a	typical	duration	between	a	
few	picoseconds	and	10	femtoseconds,	in	special	cases	even	around	5	femtoseconds.	
The	pulse	repetition	frequency	is	in	most	cases	around	70	to	90	MHz.	Ti:sapphire	
oscillators	are	normally	pumped	with	a	continuous‐wave	laser	beam	from	an	argon	or	
frequency‐doubled	Nd:YVO4	laser.	Typically,	such	an	oscillator	has	an	average	output	
power	of	0.4	to	2.5	watts.	
		
2.3		Chirped‐pulse	amplifiers	
	
				These	devices	generate	ultrashort,	ultra‐high‐intensity	pulses	with	a	duration	of	20	to	
100	femtoseconds.	A	typical	one	stage	amplifier	can	produce	pulses	of	up	to	5	millijoules	
in	energy	at	a	repetition	frequency	of	1000	hertz,	while	a	larger,	multistage	facility	can	
produce	pulses	up	to	several	joules,	with	a	repetition	rate	of	up	to	10	Hz.	Usually,	
amplifier	crystals	are	pumped	with	a	pulsed	frequency‐doubled	Nd:YLF	laser	at	527	nm	
and	operate	at	800	nm.	Two	different	designs	exist	for	the	amplifier:	regenerative	
amplifier	and	multi‐pass	amplifier.	
	
3. Fiber	Lasers	
			Ti:saphire	laser	was	first	used	for	frequency	comb	laser.	However,	it	is	large,	weak	in	
stability,	and	difficult	to	long	operation.	Especially,		the	connection	to	a	large	nonlinear	
photonic	crystal	fiber	has	a	large	connection	loss	and	instability.	On	the	other	hand,	a	
fiber	laser	is	robust	and	compact	and	maintenance	free	long	time	operation	is	possible.	
(Inaba,	H.,	et	al.,	2006).	
	
3.1		Fiber	Laser	
	
		A	fiber	laser	is	a	laser	in	which	the	active	gain	medium	is	an	optical	fiber	doped	with	
rare‐earth	elements	such	as	erbium,	ytterbium,	neodymium,	dysprosium,	
praseodymium,	thulium	and	holmium		(see	Fig.3).	They	are	related	to	doped	fiber	
amplifiers,	which	provide	light	amplification	without	lasing.	Fiber	nonlinearities,	such	as	
stimulated	Raman	scattering	or	four‐wave	mixing	can	also	provide	gain	and	thus	serve	
as	gain	media	for	a	fiber	laser.		
	
		
Pump 
 LD 
Fiber-type
 Grating 
Output
Fiber-type 
 Grating 
Fig.	4	Fundamental	scheme	of	a	fiber
laser.	
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				Fig.	5	Example	of	a	fiber	amplification	scheme.		
	
	
3.2			Advantages	and	applications	
	
			A	fiber	laser	has	superior	characteristics		as	follows:	
A	laser	cutting	machine	with	a	2	kW	continuous	wave	fiber	laser	
The	advantages	of	fiber	lasers	over	other	types	include:	
Light	is	already	coupled	into	a	flexible	fiber:		
High	output	power:		
High	optical	quality:		
Compact	size:	
High	peak	power	and	nanosecond	pulses	enable	effective	marking	and	engraving.	
The	additional	power	and	better	beam	quality	provide	cleaner	cut	edges	and	faster	
cutting	advantages	and	application	speeds.	
Lower	cost	of	ownership.	
Applications	of	fiber	lasers	include	material	processing	(marking,	engraving,	cutting),	
telecommunications,	spectroscopy,	medicine,	and	directed	energy	weapons.	
	
Er‐doped	fiber	lasers	(EDFLs)	can	be	viewed	as	EDFAs	operating	in	the	particular	
regime	where	coherent	oscillation	of	ASE	occurs	due	to	some	feedback	means.	
A	standard	definition	could	be	the	following:	EDFLs	are	used	as	sources	for	coherent	
light	signal	generation,	while	EDFAs	are	used	as	wave‐wave	amplifiers	for	coherent	light	
signal	regeneration.	
All	EDFLs	can	be	pumped	with	compact,	efficient,	and	sometimes	inexpensive	laser	
diodes.	They	are	compatible	with	different	fibers	and	fiber	optic	components	used	in	
communications	so	they	have	negligible	coupling	losses.	
Fiber	waveguiding	and	splicing	alleviate	any	mechanical	alignment	of	parts	and	provide	
superior	environmental	stability.	
There	are	many	possible	laser	cavity	designs	and	configurations.	
The	tunable	EDFL	configuration	presented	here	uses	an	all‐fiber	ring	laser	cavity.	
Wavelength	selectivity	can	be	achieved	by	using	a	tunable	transmission	filter.	
This	example	will	show	how	OptiSystem	can	simulate	laser	ring	design	and	ASE	sources.	
The	setup	parameters	are	very	important	to	obtain	a	steady	state	output	power.	This	
means	the	user	must	find	the	minimum	number	of	convergence	iterations	to	obtain	
correct	results.	
	
3.3			Erbium-doped Fiber Laser 
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Fig.	6	Schematic	setup	of	a	simple	erbium‐doped	fiber	amplifier.	Two	laser	diodes	
(LDs)	provide	the	pump	power	for	the	erbium‐doped	fiber.	The	pump	light	is	injected	
via	dichroic	fiber	couplers.	Pig‐tailed	optical	isolators	reduce	the	sensitivity	of	the	
device	to	back‐reflections.		
	
A	typical	setup	of	a	simple	erbium‐doped	fiber	amplifier	(EDFA)	is	shown	in	Fig.	6.	Its	
core	is	the	erbium‐doped	optical	fiber,	which	is	typically	a	single‐mode	fiber.	In	the	
shown	case,	the	active	fiber	is	“pumped”	with	light	from	two	laser	diodes	(bidirectional	
pumping),	although	unidirectional	pumping	in	the	forward	or	backward	direction	(co‐
directional	and	counter‐directional	pumping)	is	also	very	common.	The	pump	light,	
which	most	often	has	a	wavelength	around	980	nm	and	sometimes	around	1450	nm,	
excites	the	erbium	ions	(Er3+)	into	the	4I13/2	state	(in	the	case	of	980‐nm	pumping	via	
4I11/2),	from	where	they	can	amplify	light	in	the	1.5‐μm	wavelength	region	via	stimulated	
emission	back	to	the	ground‐state	manifold	4I15/2.	(See	also	Figure	1	in	the	article	on	
erbium‐doped	gain	media.)	
	
3.4			ytterbium	‐doped	Fiber	Laser	
	
		Ytterbium	(Yb)	is	a	chemical	element	belonging	to	the	group	of	rare	earth	metals.	In	
laser	technology,	it	has	acquired	a	prominent	role	in	the	form	of	the	trivalent	ion	Yb3+,	
which	is	used	as	a	laser‐active	dopant	in	a	variety	of	host	materials,	including	both	
crystals	and	glasses.	It	is	often	used	for	high‐power	lasers	and	for	wavelength‐tunable	
solid‐state	lasers.	
		Ytterbium	(Yb)	is	a	chemical	element	belonging	to	the	group	of	rare	earth	metals.	In	
laser	technology,	it	has	acquired	a	prominent	role	in	the	form	of	the	trivalent	ion	Yb3+,	
which	is	used	as	a	laser‐active	dopant	in	a	variety	of	host	materials,	including	both	
crystals	and	glasses.	It	is	often	used	for	high‐power	lasers	and	for	wavelength‐tunable	
solid‐state	lasers.	
	
	
3.5		photonic	band‐gap	fiber.	
	
   
（a）                                 （b）                                  （c） 
	
Fig.	7		Cross‐sections	of	typical	fibers		(a)&(b)	double	clad	fibers,	(c)	photonic	band‐gap	
fiber.	
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		Photonic‐crystal	fiber	(PCF)	is	a	new	class	of	optical	fiber	based	on	the	properties	of	
photonic	crystals.	Because	of	its	ability	to	confine	light	in	hollow	cores	or	with	
confinement	characteristics	not	possible	in	conventional	optical	fiber,	PCF	is	now	
finding	applications	in	fiber‐optic	communications,	fiber	lasers,	nonlinear	devices,	high‐
power	transmission,	highly	sensitive	gas	sensors,	and	other	areas.	Photonic	crystal	
fibers	may	be	considered	a	subgroup	of	a	more	general	class	of	microstructured	optical	
fibers,	where	light	is	guided	by	structural	modifications,	and	not	only	by	refractive	index	
differences.	
		Due	to	special	microstructured		optical	features,	it	makes	possible	to	expand	spectral	of	
transmitting	light.	(See	Fig.8)	
	
			
3.6		Optical	Frequency	Comb.	
	
		Optical	frequency	comb	is	generated		by	phase	locking	of	mode	lock	laser.	
For	mode‐locking,	passive	and	active	methods	exist.	Here	passive	mode‐lock	methods	
are	shown	in	Fig.	9.	
 		Fig.9(a)	Linear	type	mode‐lock	fiber	laser										Fig.9(b)	Ring	type	mode‐lock	fiber	laser	
	
			
Fig.	8	Spectral	expansion	of	a	
fiber	laser	by	using	a	photonic	
crystal	fiber.		
Fig.10 Frequency measurement 
of Experimental	turnkey	setup	
of	the	frequency	measurement.	
system:	PZT,	piezoelectric	
transducer	
(Shibli, 2004) 
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		The	frequency	comb	system	under	the	phase‐lock	of	a	mode‐lock	laser	has	been	used	
for	the	national	length	standard	in	Japan	(2009).	
		The	frequency	comb	technique	is	used	in	the	fields	of	optical	clock,	optical	metrology,	
frequency	chain	generation,	optical	atomic	clocks,	high	precision	spectroscopy,	and	
more	precise	GPS	technology.		
4. Lidar	Application	
			One	of	the	application	of	Optical	Frequency	Comb	is	the	measurement	of	distance.	
In	distance	measurement,	usually	the	beat	of	probe	and	reference	lights,	so	the	term	of	
"lidar"	is	not	commonly	used	"lidar",	but	"range	finder"	where	the	distance	to	a	rigid	
surface	is	obtained.	(Minoshima,	2000,	Swann,	2006,	Balling,	2009,	Coodington,	2009,	
Baumann,	2013,	Wu,	G.,2013,	Wu,	X.,	2013).		
		The	lidar	system	(Minoshima,	2000)	which	is	used	for	the	measurement	of	240m	
distance	in	an	optical	tunnel	is	shown	in	Fig.11.	They	measured	in	the	accuracy	of	10‐6.	
	
			 								Fig.11	Experimental	setup	of	the	high‐accuracy	distance	meter.	
	
In	a	case	of	soft	target	reflection,		the	return	signal	is	very	weak,	but	the	greenhouse	gas	
monitoring	over	kilometer	air	path	is	tried	(Rieker,	2014).	
5. Dual	Comb	
		Dual	comb	technique	is	a	method	to	use	two	optical	frequency	comb	system	with	slight	
frequency	difference.	The	slight	difference	of	resonant	frequency	is	used	for	step	of	
spectral	resolution.	(Sasada,	2012).	
			Many	molecules	with	resonant	frequency	in	NIR	are	measured.	
	
															 		
			Fig.	12		Principle	of	Dual	Comb.	
	
In	Fig.13,	Dual	comb	"green‐house	gases"	monitoring	over	2km	path	is	described.		
Concentration	of	CH4,	H2O	and	CO2	are	measured.	(Rieker,	2014).	
In	the	case	of		OFC	lidar	monitoring,		Signal	to	Noise	is	sais	to	be	limited	by	shot	noise,	
dark	current	,etc.		However,	speckle	noise	may	also	limit	S/N	ratio.	
OFC	1	
OFC	2	
Sample	 Detector Spectrum	
Analyser	
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				Fig.	13	Open	‐air	path	greenhouse	gas	sensing	through	dual‐com	spectroscopy.	
	
	Some	investigation	of		detailed	system	will	be	shown	in	the	presentation.	
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